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Description
BACKGROUND OF THE INVENTION
Field of the Invention

[0001] The present invention relates to a method of
manufacturing a silicon-based thin film photoelectric con-
version device, and particularly to a manufacturing meth-
od thereof to achieve a superior performance as the sil-
icon-based thin film photoelectric conversion device as
well as improved cost and efficiency in production.
[0002] In the specification, the terms "polycrystalline,"
"microcrystalline" and "crystalline" refer not only to per-
fect crystalline state but also a state partially involving
amorphous state.

Description of the Background Art

[0003] In recent years a photoelectric conversion de-
vice employing a thin film containing crystalline silicon
such as polycrystalline silicon, microcrystalline silicon,
has been increasingly developed. It has been developed
in attempting to reduce the cost of the photoelectric con-
version device and also enhance the performance of the
same by forming a crystalline silicon thin film of good
quality on an inexpensive substrate through a process
at alow temperature, and such development is expected
to be applied to a variety of photoelectric conversion de-
vices, such as optical sensors other than solar cells.
[0004] Conventionally, as an apparatus for producing
a solar cell, an in-line system apparatus in which a plu-
rality of film deposition chambers (or simply referred to
as chambers) are coupled in line as shown in the block
diagram of Fig. 4, or a multi-chamber system apparatus
in which a plurality of deposition chambers are arranged
around a central middle chamber as shown in the block
diagram of Fig. 5, has been employed.

[0005] For an amorphous silicon solar cell, a single
chamber system in which all semiconductor layers are
formed in one and the same deposition chamber has
been used as a simple method. In order to prevent con-
ductivity type determining impurity atoms doped in a p
type semiconductor layer and an n type semiconductor
layer from being undesirably mixed to a semiconductor
layer of a different type, however, it is necessary to suf-
ficiently replace gas in the deposition chamber before
forming respective semiconductor layers, for example,
by gas replacement for one hour using purge gas, such
as hydrogen. Even when such a gas replacement proc-
essis performed, ithas beenimpossible to attain superior
performance of the amorphous silicon solar cell. There-
fore, the single chamber system has been used only for
experimental purpose.

[0006] Manufacturing of an nip type solar cell by suc-
cessively depositing an n type semiconductor layer, an i
type photoelectric conversion layer and a p type semi-
conductor layer in this order from the side of the substrate
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using the aforementioned in-line or multi-chamber sys-
tem will be described in the following.

[0007] Inthein-line system shown in Fig. 4, a structure
is used in which an n layer deposition chamber 3n for
forming the n type semiconductor layer, i layer deposition
chambers 3i, to 3ig for forming the i type photoelectric
conversion layer and a p layer deposition chamber 3p
for forming the p type semiconductor layer are coupled
in order. Here, as the n type semiconductor layer and the
p type semiconductor layer are thinner than the i type
photoelectric conversion layer, film deposition time for
these layers is significantly shorter. For this reason, in
order to improve production efficiency, a plurality of i layer
deposition chambers are generally coupled, and until the
film deposition time of the n and p type semiconductor
layers attain arate regulating state, the larger the number
of i layer deposition chambers, the higher the productiv-
ity.

[0008] In the multi-chamber system shown in Fig. 5, a
substrate on which films are to be deposited is moved to
respective deposition chambers 4n, 4i, to 4i, and 4p
through a middle chamber 4m.

[0009] The in-line system as described above disad-
vantageously includes a plurality of i layer deposition
chambers 3i; to 3ig which require maintenance most.
Therefore, even if maintenance of only one i layer dep-
osition chamber is required, it is necessary to stop the
entire production line.

[0010] By contrast, in the multi-chamber system as
shown in Fig. 5, a movable partition capable of maintain-
ing air-tightness between each of the deposition cham-
bers 4n, 4i, to 4i, and 4p and the middle chamber 4m is
provided. Therefore, even when there is a failure in one
deposition chamber, other deposition chambers are
available, and therefore overall production halt can be
avoided.

[0011] The multi-chamber production system, howev-
er, has a mechanism for moving the substrate between
each of the deposition chambers 4n, 4i, to 4i, and 4p
and middle chamber 4m while maintaining air-tightness
which is complicated and expensive, and further, the
number of deposition chambers arranged around middle
chamber 4m is limited by space. Therefore, the produc-
tion apparatus of this type is not widely used for actual
production.

[0012] EP 05334425 A2 discloses a method of forming
a photovoltaic device in a single deposition chamber. EP
0729190 A2 discloses photovoltaic devices in which the
semiconductor layers of the devices are formed in differ-
ent depository chambers. US 5,580,820 discloses a
method of forming a semiconductor photoelectric con-
version device in which an i-type non-single crystal layer
is formed. After formation of all the layers the device is
exposed to irradiation by light so that the i-type layer is
crystallized.
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SUMMARY OF THE INVENTION

[0013] The present invention was made in order to
solve the problems above. One object of the present in-
vention is to provide a method of manufacturing a silicon-
based thin film photoelectric conversion device to allow
a photoelectric conversion device having excellent per-
formance and quality to be produced at a low cost with
high efficiency by using a simple apparatus.

[0014] Accordingly, the present invention provides a
method of manufacturing a silicon-based thin film photo-
electric conversion device according to claim 1.

[0015] The inventors have found that when p, i and n
layers are formed in this order in one reaction chamber
and the pressure in the reaction chamber when the p
type semiconductor layer is formed is set as higher than
661.61 Pa (5 Torr), a photoelectric conversion device
having superior quality and high performance can be ob-
tained. Details are as follows.

[0016] Asthe p,iand nlayers are formed in this order,
mixing of the conductivity type determining impurity at-
oms into the i type photoelectric conversion layer is re-
ducedthanwhenn,iand p layers are formed in this order.
This is because the p type impurity atoms (for example,
boron atoms) are harder to be diffused as compared with
n type impurity atoms (for example, phosphorus atoms).
More specifically, the p type impurity atoms adhered on
an inner wall surface of the reaction chamber or on a
plasma discharge electrode while forming the p type
semiconductor layer do diffuse into the i type photoelec-
tric conversion layer when the i type photoelectric con-
version layer is formed. The extent of diffusion, however,
is smaller than the n type impurity atoms. Therefore, mix-
ture or entrance to the i type photoelectric conversion
layer is suppressed.

[0017] Further, as the p type semiconductor layer is
formed under a high pressure condition of higher than
661.61 Pa (5 Torr), film deposition rate of the p type sem-
iconductor layer is high, and therefore it becomes possi-
ble to complete formation of the p type semiconductor
layer in a short period of time. Accordingly, the time nec-
essary for introducing raw material gas for forming the p
type semiconductor layer into the reaction chamber can
be shortened, and hence accumulation of p type impurity
atoms adhered on the electrode of the reaction chamber,
for example, can be suppressed. This further suppresses
mixture or entrance of p type impurity atoms into the i
type photoelectric conversion layer.

[0018] From the foregoing, even when the photoelec-
tric conversion device is manufactured by the single
chamber system, mixture of the conductivity type deter-
mining impurity atoms into the i type photoelectric con-
version layer can be suppressed to a large extent. There-
fore, a photoelectric conversion device of superior quality
and performance comparable to the photoelectric con-
version device manufactured through the in-line system
or the multi-chamber system can be obtained.

[0019] Further, as the device can be manufactured by
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the single chamber system, the facility can be simplified
as compared with the in-line system or the multi-chamber
system.

[0020] Further, as formation of the p type semiconduc-
tor layer can be completed in a short period of time, the
tact time for manufacturing can be significantly reduced,
which, together with the simplified facility, reduces the
manufacturing cost.

[0021] Inthe method of manufacturing a silicon-based
thin film photoelectric conversion device described
above, preferably the p type semiconductor layer, the i
type crystalline silicon-based photoelectric conversion
layer, and the n type semiconductor layer are formed
respectively to the thicknesses ranging from 2 nm to 50
nm, 0.5 pm to 20 . m, and 2 nm to 50 nm.

[0022] Accordingly, deposition of the p type and n type
semiconductor layers can be completed in a short period
of time, and the i type photoelectric conversion layer hav-
ing a necessary and sufficient thickness can be produced
as a crystalline-containing silicon-based thin film photo-
electric conversion layer.

[0023] Inthe method of manufacturing a silicon-based
thin film photoelectric conversion device, the film depo-
sition rate of the p type semiconductor layer is preferably
at least 12 nm/min.

[0024] The film deposition rate of the p type semicon-
ductor layer is thus enhanced to reduce the deposition
time as well as the manufacturing cost.

[0025] Inthe method of manufacturing a silicon-based
thin film photoelectric conversion device, the p type sem-
iconductor layer is preferably deposited on conditions
that the temperature of an underlayer is 550°C or less,
silane-type gas as a main component of raw material gas
which is supplied into the reaction chamber as well as
dilution gas containing hydrogen are used, and the flow
rate of the dilution gas is at least 100 times higher than
that of the silane-type gas.

[0026] The temperature of the underlayer is defined to
be 550°C or less so as to allow a low cost material such
as glass to be used as a substrate. Further, the flow rate
of the dilution gas is defined to be at least 100 times
higher than that of the silane-type gas to achieve a pre-
determined crystallized fraction when the p type semi-
conductor layer is deposited under the pressure condition
of higher than 661.61 Pa (5 Torr).

[0027] Inthe method of manufacturing a silicon-based
thin film photoelectric conversion device, the conductivity
type determining impurity atom of the p type semicon-
ductor layer is preferably boron or aluminum.

[0028] P type impurity atoms can thus be selected ap-
propriately.
[0029] Inthe method of manufacturing a silicon-based

thin film photoelectric conversion device, preferably the
i type crystalline silicon-based photoelectric conversion
layer and the n type semiconductor layer are formed on
conditions that the pressure in the reaction chamber is
at least 5 Torr, the film deposition rate is at least 12
nm/min, the temperature of an underlayer is 550°C or
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less, and the flow rate of the dilution gas is at least 100
times higher than that of silane-type gas.

[0030] Accordingly, in the fabrication of the i type pho-
toelectric conversion layer and the n type semiconductor
layer, the same effect as that of the p type semiconductor
layer as described above is achieved.

[0031] Inthe method of manufacturing a silicon-based
thin film photoelectric conversion device, in addition to
at least one photoelectric conversion unit including the
crystalline silicon-based photoelectric conversion layer,
at least one photoelectric conversion unit including an
amorphous silicon-based photoelectric conversion layer
is preferably deposited to implement a tandem type pho-
toelectric conversion device.

[0032] A tandem type photoelectric conversion device
having a high photoelectric conversion efficiency is thus
obtained.

[0033] The foregoing and other objects, features, as-
pects and advantages of the present invention will be-
come more apparent from the following detailed descrip-
tion of the present invention when taken in conjunction
with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0034]

Fig. 1 is a schematic cross sectional view illustrating
a structure of a silicon-based thin film photoelectric
conversion device manufactured according to a
method in one embodiment of the invention.

Fig. 2 is a block diagram illustrating a plasma CVD
apparatus employed in the method of manufacturing
a silicon-based thin film photoelectric conversion de-
vice in the embodiment of the invention.

Fig. 3 is a schematic cross sectional view illustrating
a structure of a silicon-based thin film photoelectric
conversion device manufactured according to a
method in another embodiment of the invention.
Fig. 4 is a block diagram illustrating a manufacturing
apparatus of the in-line system employed in a con-
ventional method of manufacturing a photoelectric
conversion device.

Fig. 5is a block diagram illustrating a manufacturing
apparatus of the multi-chamber system employed in
a conventional method of manufacturing a photoe-
lectric conversion device.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0035] Embodiments of the presentinvention are here-
inafter described in conjunction with the drawings.
[0036] Referring to Fig. 1, a transparent conducting
film 2 is deposited on a transparent substrate 1 formed
of glass, for example. Transparent conducting film 2 is
formed of SnO,, for example. Instead, it may be formed
of a transparent conductive oxide film such as ITO and
ZnO.
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[0037] Substrate 1 is then delivered into a deposition
chamber 2pin shown in Fig. 2. In deposition chamber
2pin, a p type semiconductor layer 111 is first deposited
on transparent conducting film 2 by plasma CVD. Pref-
erably, p type semiconductor layer 111 is formed on con-
ditions that the pressure in deposition chamber 2pin is
higher than 661.61 Pa (5 Torr), the film deposition rate
is at least 12 nm/min, and the temperature of an under-
layer is 550°C or less to have a thickness ranging from
2 nm to 50 nm. Still preferably, silane-type gas (e.g. si-
lane) as a main component of raw material gas which is
supplied into deposition chamber 2pin and dilution gas
containing hydrogen (e.g. hydrogen) are used, the flow
rate of the dilution gas is at least 100 times higher than
that of the silane-type gas, and diborane is employed as
doping gas.

[0038] As p type semiconductor layer 111, a p type
amorphous silicon thin film doped with atleast 0.01 atom-
ic % of boron, for example, which is a conductivity type
determining impurity atom may be used. However, the
conditions concerning p type semiconductor layer 111
are not limitations. For example, aluminum may be em-
ployed as impurity atom, or any layer of alloy material
such as amorphous silicon carbide and amorphous sili-
con germanium may be used. The thickness of p type
semiconductor layer 111 is preferably in the range of 2
nm to 10 nm. It is noted that p type semiconductor layer
111 is not limited to an amorphous thin film, and thus a
microcrystalline silicon-based thin film or alloy-based thin
film may be used as p type semiconductor layer 111. In
addition, p type semiconductor layer 111 may be formed
of a plurality of different thin films deposited on each oth-
er.

[0039] Following the formation of p type semiconduc-
tor layer 111, an i type crystalline (polycrystalline, micro-
crystalline) silicon-based photoelectric conversion layer
112 and an n type semiconductor layer 113 are succes-
sively deposited on p type semiconductor layer 111 in
the same deposition chamber 2pin by plasma CVD. Pref-
erably, i type crystalline silicon-based photoelectric con-
version layer 112 is formed to a thickness ranging from
0.5 pm to 20 pwm and n type semiconductor layer 113 is
formed to a thickness ranging from 2 nm to 50 nm.
[0040] As itype photoelectric conversion layer 112, a
non-doped i type polycrystalline silicon thin film, an i type
microcrystalline silicon thin film with crystallized volume
fraction of at least 80%, or a crystalline silicon-based thin
film of weak p or n type containing a slight amount of
impurities that has a sufficient photoelectric conversion
function may be employed. Preferably, crystalline pho-
toelectric conversion layer 112 has (110) preferential
crystal orientation planes in parallel with its surface, and
the intensity ratio of (111) diffraction peaks relative to
(220) diffraction peaks in X-ray diffraction is 1/5 or less.
However, photoelectric conversion layer 112 is not lim-
ited to them, and alloy material such as silicon carbide
and silicon germanium may be used instead.

[0041] As n type semiconductor layer 113, for exam-
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ple, an n type microcrystalline silicon-based thin film
doped with at least 0.01 atomic % of phosphorus which
is conductivity type determining impurity atom may be
used. However, the conditions regarding n type semicon-
ductor layer 113 are not limitations and a layer of alloy
material such as microcrystalline silicon carbide or mi-
crocrystalline silicon germanium may be employed. The
thickness of n type semiconductor layer 113 is more pref-
erably in the range of 5 nm to 30 nm.

[0042] Preferably,itype photoelectric conversion layer
112 and n type semiconductor layer 113 are formed on
conditions that the pressure in deposition chamber 2pin
is at least 5 Torr, the film deposition rate is at least 12
nm/min, the temperature of an underlayer is 550°C or
less, and the flow rate of dilution gas (e.g. hydrogen) is
atleast 100 times higher than that of silane-type gas (e.g.
silane). Phosphine is preferably used as doping gas for
producing n type semiconductor layer 113, for example.
[0043] Deposition chamber 2pin may be cleaned by
flowing purge gas such as hydrogen gas into deposition
chamber 2pin after a new substrate is supplied into dep-
osition chamber 2pin and immediately before forming p
type semiconductor layer 111 and immediately before
forming i type photoelectric conversion layer 112. In this
case, if the cleaning time is too long, the productivity is
accordingly deteriorated. Therefore, the cleaning time is
preferably within 20 minutes.

[0044] In this way, a crystalline type photoelectric con-
version unit 11 is fabricated of p type semiconductor layer
111, i type photoelectric conversion layer 112, and n type
semiconductor layer 113 that are successively deposited
in the same deposition chamber 2pin.

[0045] On this photoelectric conversion unit 11, a con-
ducting film 121 formed of ZnO for example and a metallic
thin film 122 formed of Ag for example are formed. These
films 121 and 122 constitute a backside electrode portion
12 and accordingly, the photoelectric conversion device
shown in Fig. 1 is completed.

[0046] Although i-type photoelectric conversion layer
112 can be formed under the conditions described above,
Method A below may be employed for producing the layer
112.

[0047] Method A includes the first step of depositing
by the vapor deposition method, on a substrate at a tem-
perature of 400°C or less, a silicon thin layer which at
least partially contains an amorphous portion, and the
second step of exposing the silicon thin layer on the sub-
strate at 400°C or less to hydrogen plasma of at least 3
Torr to crystallize the amorphous portion contained in the
silicon thin layer. The first and second steps are repeated
a desired number of times.

[0048] The thickness of the silicon thin layer deposited
by performing the first step once can be at least 300 nm.
[0049] The time for exposing the silicon thin layer to
the hydrogen plasma in performing the second step once
can be set as 10 seconds or less.

[0050] Inthefirststep, the siliconthinlayeris preferably
deposited by plasma CVD.
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[0051] According to the exemplary method above, a
silicon thin layer which at least partially contains an amor-
phous portion is first deposited on a substrate at 400°C
orless by the vapor deposition method such as the known
CVD and PVD. The silicon thin layer is deposited on the
substrate at 400°C or less in order to use an inexpensive
blue sheet glass having a low softening temperature as
a substrate. As the vapor deposition method, any method
may be employed if the method allows the amorphous
silicon thin layer to be deposited on a substrate of 400°C
or less. Plasma CVD, for example, may employed as
CVD, and sputtering may be employed as PVD, for ex-
ample.

[0052] The amorphous silicon thin layer thus has un-
dergone vapor deposition is then exposed to hydrogen
plasma generated under a relatively high pressure con-
dition of at least 3 Torr. By exposing the amorphous sil-
icon thin layer to the high pressure hydrogen plasma of
at least 3 Torr, a sufficient crystallization to the depth of
about 1000 nm from the surface is possible. However,
as the thickness of the amorphous silicon thin layer in-
creases, the layer is exposed to the hydrogen plasma for
a longer period of time for crystallization thereof. There-
fore, the thickness is preferably 500 nm or less, and the
exposure time of 10 seconds or less is enough in this
case. On the contrary, if the amorphous silicon thin layer
is thinner, the deposition of the thin layer and exposure
thereofto the hydrogen plasma should be repeated many
times in order to produce a crystalline silicon film of a
desired thickness. The thickness is therefore preferably
at least 300 nm.

[0053] In fabricating a crystalline silicon thin film ac-
cording to Method A, a silicon thin layer having a consid-
erably greater thickness relative to any conventional lay-
er can be crystallized in a short time exposure to hydro-
gen plasma of relatively high pressure. Accordingly, in
order to obtain a crystalline silicon film of a desired thick-
ness, deposition of the amorphous silicon thin layer and
exposure thereof to the hydrogen plasma for a short pe-
riod of time may just be repeated a far fewer times relative
to any conventional method. As a result, the productivity
of the crystalline silicon thin film is improved remarkably,
and undesirable damage to the silicon film due to the
hydrogen plasma can be reduced since the crystallization
process is performed in hydrogen plasma of higher pres-
sure than the conventional method.

[0054] Method A for fabricating a crystalline silicon thin
filmis ageneral crystallization method which is applicable
to a method of manufacturing a silicon-based thin film
photoelectric conversion device other than the manufac-
turing method of the invention.

[0055] Inthis embodiment, p type semiconductor layer
111, itype photoelectric conversion layer 112, and n type
semiconductor layer 113 are formed in this order in the
same deposition chamber 2pin, and the pressure in dep-
osition chamber 2pin is higher than 661.61 Pa (5 Torr)
when p type semiconductor layer 111 is formed. Owing
to this, a photoelectric conversion device having a supe-
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rior quality and performance can be obtained. Details are
given in the following.

[0056] If n, i and p layers are formed in this order in
the same deposition chamber, n type impurity atoms at-
tach to and remain on an inner wall surface and a plasma
discharge electrode of the deposition chamber when the
n type semiconductor layer is formed. As a result, when
the i type photoelectric conversion layer is fabricated, it
is considered that the remaining n type impurity atoms
are mixed into or enter the i type photoelectric conversion
layer.

[0057] Ifthe p,iand nlayers are deposited in this order
according to this embodiment, p type impurity atoms at-
tach to and remain on the inner wall surface and the plas-
ma discharge electrode of the deposition chamber when
p type semiconductor layer 111 is formed. However, the
p type impurity atoms are harder to be diffused as com-
pared with the n type impurity atoms. Therefore, the
amount of p type impurity atoms diffusing into i type pho-
toelectric conversion layer 112 is significantly smaller
than that of n type ones and accordingly the amount of
the p type impurity atoms entering i type photoelectric
conversion layer 112 would be decreased.

[0058] As ptype semiconductorlayer 111 is fabricated
on a high pressure condition of higher than 661.61 Pa (5
Torr), the film deposition rate of p type semiconductor
layer 111 can be enhanced to complete deposition of p
type semiconductor layer 111 in a short period of time.
Accordingly, the time required for supplying the gas for
fabricating p type semiconductor layer 111 into deposi-
tion chamber 2pin can be reduced to avoid accumulation
of p type impurity atoms attaching to the inner surface
and the plasma discharge electrode of deposition cham-
ber 2pin. Consequently, mixture of p type impurities into
i type photoelectric conversion layer 112 formed in the
subsequent step can be suppressed.

[0059] As discussed above, even if the photoelectric
conversion device is produced according to the single
chamber system, it is possible to remarkably decrease
p type impurity atoms entering i type photoelectric con-
version layer 112. Consequently, a photoelectric conver-
sion device having an excellent quality and performance
similar to that of a photoelectric conversion device pro-
duced according to the in-line system or the multi-cham-
ber system can be produced.

[0060] Further, the single chamber system can be em-
ployed for manufacturing the device, the facility for it can
be simplified as compared with the in-line or multi-cham-
ber system.

[0061] Inaddition, p type semiconductor layer 111 can
be completed in a short period of time, so that the tact
time for manufacture can be decreased remarkably, and
the manufacturing cost can be reduced.

[0062] Referring to Fig. 3, a tandem type photoelectric
conversion device has an amorphous type photoelectric
conversion unit 21 and a crystalline type photoelectric
conversion unit 22 formed on a substrate 1 via a trans-
parent conducting film 2, and further has a conducting
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film 231 and a metal thin film 232 thereon to form a back-
side electrode portion 23.

[0063] Amorphous type photoelectric conversion unit
21 has a p type semiconductor layer 211, an i type amor-
phous photoelectric conversion layer 212, and an n type
semiconductor layer 213. Crystalline type photoelectric
conversion unit 22 has a p type semiconductor layer 221,
an i type crystalline photoelectric conversion layer 222,
and an n type semiconductor layer 223 that are formed
by the method similar to that for photoelectric conversion
unit 11 shown in Fig. 1.

[0064] Those structures except for that described
above are almost similar to those described in conjunc-
tion with Fig. 1, and description thereof is not repeated
here.

[0065] A result of an experiment conducted in this em-
bodiment is now described.

(Comparative Example 1)

[0066] A thin film polycrystalline silicon solar cell hav-
ing the structure as shown in Fig. 1 was produced. Glass
was employed as a substrate 1, and SnO, was employed
as a transparent conducting film 2. On transparent con-
ducting film 2, a boron-doped p type silicon layer 111
having a thickness of 15 nm, a non-doped i type poly-
crystalline silicon photoelectric conversion layer 112 hav-
ing a thickness of 3 um, and a phosphorus-doped n type
silicon layer 113 having a thickness of 15 nm were re-
spectively formed by RF plasma CVD. Accordingly, a thin
film polycrystalline silicon photoelectric conversion unit
11 having a p-i-n junction was completed. As a backside
electrode portion 12, a ZnO film 121 having a thickness
of 100 nm and an Ag film 112 having a thickness of 300
nm were respectively produced by sputtering.

[0067] P, iand n type silicon thin films 111, 112 and
113 constituting photoelectric conversion unit 11 were
deposited respectively by RF plasma CVD in the same
reaction chamber. Silane and hydrogen were used as
reaction gas, diborane was added as doping gas for de-
positing p type silicon layer 111, and phosphine was add-
ed as doping gas for depositing n type silicon layer 113.
P type silicon layer 111 was formed on conditions that
the temperature of an underlayer was 200°C, the ratio in
flow rate of silane gas to hydrogen gas was 1:150, the
pressure in the reaction chamber was 5.0 Torr, and the
film deposition rate was 12 nm/min (film deposition time:
75 sec.). | type photoelectric conversion layer 112 and n
type silicon layer 113 were deposited on conditions that
the temperature of an underlayer was 200°C, the ratio in
flow rate of silane gas to hydrogen gas was 1:100, the
pressure in the reaction chamber was 5.0 Torr, and the
film deposition rate was 15 nm/min.

[0068] When incident light 3 with a quantity of AM 1.5,
100 mW/cm?2 was applied to a thin film silicon solar cell
produced as described above, the photoelectric conver-
sion efficiency was 7.3%.
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(Comparative Example 2)

[0069] A thin film polycrystalline silicon solar cell hav-
ing the structure shown in Fig. 1 was fabricated as Com-
parative Example 1. A p type silicon layer 111 was de-
posited on conditions that the temperature of an under-
layer was 200°C, the ratio in flow rate of silane gas to
hydrogen gas was 1:60, the pressure in the reaction
chamber was 1.0 Torr, and the film deposition rate was
2.5 nm/min (deposition time 300 sec). Other conditions
were identical to those of Comparative Example 1.

[0070] The photoelectric conversion efficiency of this
thin film silicon solar cell was measured as Comparative
Example 1, and the efficiency of 5.1% which was lower
than that of Comparative Example 1 was obtained.

(Comparative Example 3)

[0071] A thin film polycrystalline silicon solar cell hav-
ing the same structure as that shown in Fig. 1 was pro-
duced as Comparative Example 1. The conditions were
identical to those of Comparative Example 1, except that
p type silicon layer 111, i type photoelectric conversion
layer 112, and n type silicon layer 113 were formed re-
spectively in separate reaction chambers.

[0072] The photoelectric conversion efficiency of this
thin film silicon solar cell was measured as Comparative
Example 1, and the efficiency was 7.4% which was al-
most the same as that obtained in Comparative Example
1. However, the total time required for producing one
solar cell including the time for moving the substrate be-
tween reaction chambers was longer by about 10 min-
utes compared with that in Comparative Example 1.

(Comparative Example 4)

[0073] A tandem type solar cell was manufactured by
stacking a thin film polycrystalline silicon solar cell unit
22 formed by the method of Comparative Example 1 on
an amorphous silicon solar cell unit 21 having the struc-
ture shown in Fig. 3. Measurement of the photoelectric
conversion efficiency was made as in Comparative Ex-
ample 1, and the resultant value was 13.0%.

( Referential Example 1)

[0074] A crystalline silicon thin film was manufactured
by hydrogen plasma process as illustrated below.
[0075] Anamorphous silicon thinlayerwas first depos-
ited by RF plasma CVD. Silane was used as reaction
gas, and pressure in a reaction chamber was set at 0.3
Torr. The temperature of the substrate was maintained
at 150°C, RF power density was set at 15mW/cm?2, and
the thickness of the resultant amorphous silicon thin layer
deposited in one deposition cycle was 350 nm.

[0076] The deposited amorphous silicon thin layer was
exposed to RF hydrogen plasma and accordingly crys-
tallized. Hydrogen was introduced into the RF plasma
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reaction chamber, and the pressure in the reaction cham-
ber was accordingly increased to 5.0 Torr. The temper-
ature of the substrate was still 150°C, and RF plasma
power density was increased to 300 mW/cm2. It took 8.0
seconds to expose the deposited amorphous silicon thin
layer produced in one deposition cycle to RF hydrogen
plasma to crystallize it.

[0077] The step of depositing the amorphous silicon
thin layer and exposing it to RF hydrogen plasma to crys-
tallize it was repeated 60 times. A crystalline silicon thin
film having a thickness of approximately 2.1 pm was fi-
nally obtained. The crystalline silicon thin film was ana-
lyzed by ellipsometry. It was consequently confirmed that
the crystallized volume fraction was 85% and thus the
thin film is sufficiently crystallized as a silicon thin film.
[0078] As heretofore described, according to the
presentinvention, a p type semiconductor layer, ani type
photoelectric conversion layer, and an n type semicon-
ductor layer that compose a photoelectric conversion unit
are successively formed in a single chamber, and the p
type semiconductor layer is formed on condition that the
pressure in a reaction chamber is higher than 661.61 Pa
(5 Torr). Consequently, a method of manufacturing a sil-
icon based thin film photoelectric conversion device is
implemented to achieve an excellent photoelectric con-
version efficiency, low cost, and a superior productivity.
[0079] Although the present invention has been de-
scribed and illustrated in detail, it is clearly understood
that the same is by way of illustration and example only
and is not to be taken by way of limitation.

Claims

1. A method of manufacturing a silicon-based thin film
photoelectric conversion device having a stacked
structure composed of a p-type semiconductor layer
(111, 221), ani-type silicon-based photoelectric con-
version layer (112, 222), and an n-type semiconduc-
tor layer (113, 223) by plasma CVD, wherein
said p-type semiconductor layer (111, 221), said i-
type silicon-based photoelectric conversion layer
(112, 222), and said n-type semiconductor layer
(113, 223) are successively deposited in that order
in the same plasma CVD reaction chamber (2pin),
characterized in that said i-type silicon-based pho-
toelectric conversion layer is a crystalline silicon-
based photoelectric conversion layer and in that
said p-type semiconductorlayer (111, 221) is formed
under the condition of a pressure in said reaction
chamber (2pin) of higher than 666.61 Pa (5 Torr).

2. The method of manufacturing a silicon-based thin
film photoelectric conversion device according to
claim 1, wherein
said p-type semiconductor layer (111, 221) is formed
to a thickness ranging from 2 nm to 50 nm, said i-
type crystalline silicon-based photoelectric conver-
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sion layer (112, 222) is formed to a thickness ranging
from 0.5 wm to 20 wm, and said n-type semiconduc-
tor layer (113, 223) is formed to a thickness ranging
from 2 nm to 50 nm.

The method of manufacturing a silicon-based thin
film photoelectric conversion device according to
claim 1, wherein

the film deposition rate of said p-type semiconductor
layer (111, 221) is at least 12 nm/min.

The method of manufacturing a silicon-based thin
film photoelectric conversion device according to
claim 1, wherein

said p-type semiconductor layer (111, 221) is formed
under the conditions of a temperature of an under-
layer being at most 550°C, a silane-type gas being
used as a main component of the raw material gas
which is supplied into said reaction chamber (2pin),
a dilution gas containing hydrogen being used, and
the flow rate of said dilution gas being at least 100
times higher than that of said silane-type gas.

The method of manufacturing a silicon-based thin
film photoelectric conversion device according to
claim 1, wherein

the conductivity type determining impurity atom of
said p-type semiconductor layer (111, 221) is boron
or aluminum.

The method of manufacturing a silicon-based thin
film photoelectric conversion device according to
claim 1, wherein

said i-type crystalline silicon-based photoelectric
conversion layer (112, 222) and said n-type semi-
conductor layer (113, 223) are formed under condi-
tions of a pressure in said reaction chamber (2pin)
being at least 666.61 Pa (5 Torr), the film deposition
rate being at least 12 nm/min, the temperature of an
underlayer being at most 550°C, and the flow rate
of the dilution gas being at least 100 times higher
than that of the silane-type gas.

The method of manufacturing a silicon-based thin
film photoelectric conversion device according to
claim 1, wherein

atleast one photoelectric conversion unit (21) includ-
ing an amorphous silicon-based photoelectric con-
version layer (212) is stacked in addition to at least
one photoelectric conversion unit (22) formed by the
method of any of claims 1-6 and including said crys-
talline silicon-based photoelectric conversion layer
(222) to produce a tandem type photoelectric con-
version device.
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Patentanspriiche

1.

Verfahren zur Herstellung einer fotoelektrischen
Dinnfilm-Umwandlungsvorrichtung auf Siliciumba-
sis mittels Plasma-CVD, die eine Stapelstruktur auf-
weist, die sich aus einer Halbleiterschicht vom p-Typ
(111, 221), einer fotoelektrischen Umwandlungs-
schicht vom i-Typ auf Siliciumbasis (112, 222) und
einer Halbleiterschicht vom n-Typ (113, 223) zusam-
mensetzt, worin

die Halbleiterschicht vom p-Typ (111, 221), die foto-
elektrische Umwandlungsschicht vom i-Typ auf Si-
liciumbasis (112, 222) und die Halbleiterschicht vom
n-Typ (113, 223) sukzessive in dieser Reihenfolge
in der gleichen Plasma-CVD-Reaktionskammer
(2pin) abgeschieden werden, dadurch gekenn-
zeichnet, dass die fotoelektrische Umwandlungs-
schicht vom i-Typ auf Siliciumbasis eine fotoelektri-
sche Umwandlungsschicht auf der Basis von kristal-
linem Silicium ist, und dadurch, dass die Halbleiter-
schicht vom p-Typ (111, 221) unter Bedingungen ei-
nes Drucks in der Reaktionskammer (2pin) von gré-
Rer als 666,61 Pa (5 Torr) gebildet wird.

Verfahren zur Herstellung einer fotoelektrischen
Dunnfilm-Umwandlungsvorrichtung auf Siliciumba-
sis gemaf Anspruch 1, worin

die Halbleiterschicht vom p-Typ (111, 221) mit einer
Dicke im Bereich von 2 nm bis 50 nm gebildet wird,
die fotoelektrische Umwandlungsschicht vom i-Typ
auf Basis von kristallinem Silicium (112, 222) mit ei-
ner Dicke im Bereich von 0,5 pm bis 20 wm gebildet
wird und die Halbleiterschicht vom n-Typ (113, 223)
mit einer Dicke im Bereich von 2 nm bis 50 nm ge-
bildet wird.

Verfahren zur Herstellung einer fotoelektrischen
Dunnfilm-Umwandlungsvorrichtung auf Siliciumba-
sis gemaf Anspruch 1, worin

die Filmabscheidungsgeschwindigkeit der Halblei-
terschicht vom p-Typ (111, 221) mindestens 12
nm/min betragt.

Verfahren zur Herstellung einer fotoelektrischen
Dunnfilm-Umwandlungsvorrichtung auf Siliciumba-
sis gemaf Anspruch 1, worin

die Halbleiterschicht vom p-Typ (111, 221) unter Be-
dingungen gebildet wird, bei denen die Temperatur
einer Unterschichthéchstens 550°C betragt, ein Gas
vom Silantyp als Hauptkomponente des Ausgangs-
materialgases verwendet wird, welches in die Reak-
tionskammer (2pin) eingeflhrt wird, ein Verdin-
nungsgas, das Wasserstoff enthalt, verwendet wird
und die Flussrate des Verdinnungsgases minde-
stens 100-mal gréRer ist als die des Gases vom
Silantyp.

Verfahren zur Herstellung einer fotoelektrischen
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Dinnfilm-Umwandlungsvorrichtung auf Siliciumba-
sis gemal Anspruch 1, worin
das den Leitfahigkeitstyp bestimmende Verunreini-
gungsatom der Halbleiterschicht vom p-Typ (111,
221) Bor oder Aluminium ist.

Verfahren zur Herstellung einer fotoelektrischen
Dinnfilm-Umwandlungsvorrichtung auf Siliciumba-
sis gemal Anspruch 1, worin

die fotoelektrische Umwandlungsschicht vom i-Typ
auf Basis von kristallinem Silicium (112, 222) und
die Halbleiterschicht vom n-Typ (113, 223) unter Be-
dingungen gebildet werden, bei denen der Druck in
der Reaktionskammer (2pin) mindestens 666,61 Pa
(5 Torr) betragt, die Filmabscheidungsgeschwindig-
keit mindestens 12 nm/min betragt, die Temperatur
einer Unterschicht hdchstens 550°C betragt und die
Flussrate des Verdiunnungsgases mindestens 100-
mal grofRer ist als die des Gases vom Silantyp.

Verfahren zur Herstellung einer fotoelektrischen
Dinnfilm-Umwandlungsvorrichtung auf Siliciumba-
sis gemal Anspruch 1, worin

mindestens eine fotoelektrische Umwandlungsein-
heit (21), die eine fotoelektrische Umwandlungs-
schicht auf Basis von amorphem Silicium (212) um-
fasst, zuséatzlich zu zumindest einer fotoelektrischen
Umwandlungseinheit (22), gebildet mit dem Verfah-
ren gemal irgendeinem der Ansprtche 1 bis 6 und
umfassend die fotoelektrische Umwandlungsschicht
auf Basis von kristallinem Silicium (222), gestapelt
ist, um eine fotoelektrische Umwandlungsvorrich-
tung vom Tandem-Typ herzustellen.

Revendications

Procédé de fabrication d’'un dispositif de transforma-
tion photoélectrique a film mince a base de silicium
ayant une structure empilée composée d’'une cou-
che de semi-conducteur de type p (111, 221), d’'une
couche de transformation photoélectrique a base de
siliciumdetypei(112,222), etd’'une couche de semi-
conducteur de type n (113, 223) par dépdt chimique
en phase vapeur CVD activé au plasma, dans lequel
ladite couche de semi-conducteur de type p (111,
221), ladite couche de transformation photoélectri-
que a base de silicium de type i (112, 222), et ladite
couche de semi-conducteur de type n (113, 223)
sont successivement déposées dans cet ordre dans
la méme chambre de réaction (2pin) de CVD activé
au plasma, caractérisé en ce que ladite couche de
transformation photoélectrique a base de silicium de
type i est une couche de transformation photoélec-
triqgue a base de silicium cristallin et en ce que ladite
couche de semi-conducteur de type p (111, 221) est
formée sous la condition d’une pression dans ladite
chambre de réaction (2pin) supérieure a 666,61 Pa
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(5 Torr).

Procédé de fabrication d’un dispositif de transforma-
tion photoélectrique a film mince a base de silicium
selon la revendication 1, dans lequel

ladite couche de semi-conducteur de type p (111,
221) est formée a une épaisseur comprise entre 2
nm et 50 nm, ladite couche de transformation pho-
toélectrique a base de silicium cristallin de type i
(112, 222) est formée a une épaisseur allant de 0,5
pm a 20 pm, et ladite couche de semi-conducteur
de type n (113, 223) est formée a une épaisseur
allant 2 nm a 50 nm.

Procédé de fabrication d’un dispositif de transforma-
tion photoélectrique a film mince a base de silicium
selon la revendication 1, dans lequel

la vitesse de dép6t de film de ladite couche de semi-
conducteur de type p (111, 221) est au moins de 12
nm/minute.

Procédé de fabrication d’un dispositif de transforma-
tion photoélectrique a film mince a base de silicium
selon la revendication 1, dans lequel

ladite couche de semi-conducteur de type p (111,
221) est formée sous les conditions d’une tempéra-
ture d’une couche sous-jacente étant au plus 550°C,
un gaz de type silane étant utilisé en tant que com-
posant principal du gaz formant matiere premiére
qui est fourni dans ladite chambre de réaction (2pin),
un gaz de dilution contenant de I'hydrogéne étant
utilisé, et la vitesse d’écoulement gaz de dilution
étant au moins 100 fois supérieur a celle dudit gaz
de type silane.

Procédé de fabrication d’un dispositif de transforma-
tion photoélectrique a film mince a base de silicium
selon la revendication 1, dans lequel

I'atome d’impureté de détermination de type de con-
ductibilité de ladite couche de semi-conducteur de
type p (111, 221) est du bore ou de 'aluminium.

Procédé de fabrication d’'un dispositif de transforma-
tion photoélectrique a film mince a base de silicium
selon la revendication 1, dans lequel

ladite couche de transformation photoélectrique a
base de silicium cristallin de type i (112, 222) et ladite
couche de semi-conducteur de type n (113, 223)
sont formées sous des conditions d’'une pression
dans ladite chambre de réaction (2pin) d’au moins
666,61 Pa (5 Torr), la vitesse de dép6t de film étant
d’au moins 12 nm/minute, la température d’'une cou-
che sous-jacente étant au plus de 550°C, et la vites-
se d’écoulement du gaz de dilution étant au moins
100 fois supérieur a celle du gaz de type silane.

Procédé de fabrication d’'un dispositif de transforma-
tion photoélectrique a film mince a base de silicium
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selon la revendication 1, dans lequel

au moins une unité de transformation photoélectri-
que (21) incluant une couche de transformation pho-
toélectrique a base de silicium amorphe (212) est
empilée en plus d’au moins une unité de transfor-
mation photoélectrique (22) formée par le procédé
selon 'une quelconque des revendications 1 a 6 et
incluant ladite couche de transformation photoélec-
trique a base de silicium cristallin (222) pour produire
un dispositif de transformation photoélectrique de ty-
pe tandem.
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FIG. 1
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